We find that histidine residues in proteins are major targets for reaction with the lipid peroxidation product 4-hydroxynon-2-enal (HNE). Reaction of insulin (which contains no sulfhydryl groups) with HNE leads to the generation of HNE-protein adducts, which are converted to radioactive derivatives upon subsequent treatment with NaB'H]1H4.
[presumably, isomeric forms of Nff(NT)-1,4-dihydroxynonanylhistidine] that were indis hable from those obtained from insulin and polyhistidine after similar treatment. Although other possibilities are not excluded, it is suggested that the modification of hitidine residues in proteins by HNE involves a Michael-type addition ofthe imidazole nitrogen atom of histidine to the aj-unsaturated bond of HNE, followed by secondary reaction involving the aldehyde group with the C-4 hydroxyl group of HNE. The reaction of histidine residues with HNE provides the basis for methods by which the contributions of HNE in the modification of proteins can be determined. 4 -Hydroxynonenal (HNE) is one of the major products of membrane peroxidation and has been shown to have a number of adverse biological effects such as high toxicity to mammalian cells (1, 2) , the lysis of erythrocytes (1) , inactivation of enzymes (3) , and inhibition ofthe synthesis of DNA and protein (3, 4) . These effects have been attributed in part to the fact that HNE reacts readily with sulfhydryl groups of proteins and low molecular weight metabolites, such as cysteine and glutathione, to yield stable thioether derivatives (5) (6) (7) . Results of immunochemical studies with HNE-specific antibodies have shown that HNE-modified proteins are generated in vivo and, therefore, may play a physiological role (8) (9) (10) (11) . As noted by Esterbauer et al. (12) , elucidation of the chemistry of the reactions of HNE with proteins is fundamental to an understanding of the mechanism of HNE cytotoxicity and also to the characterization of the epitopes in HNE-modified proteins that are recognized by antibodies.
In the present paper, we demonstrate that, in addition to sulflhydryl groups and primary amino groups, the histidine residues of proteins are important targets for modification by HNE. In studies with insulin, which contains no sulfhydryl groups, it was shown that histidine is the only amino acid that is modified by exposure to HNE; the one lysine that is present in insulin was not modified under the same conditions. In addition, the results of model studies with N-acetylhistidine suggest that HNE and 2-nonenal react with the imidazole nitrogen atoms of histidine residues in proteins by a Michael-type addition reaction. (13) , amino acid composition (14) , and the ability to form 3H-labeled derivatives upon treatment with NaB[3HIH4.
MATERIALS AND METHODS
Reduction with NaBH4. A sample (100 !l) of the reaction mixture was treated with 10%o (wt/vol) trichloroacetic acid (final concentration). The solution was diluted and 10 ul was labeled with o-phthaldehyde (OPA) for determination of amino acid composition by reverse-phase HPLC (15) . Sequencing Analysis of the ENE-Modified Insulin B Chain. A reaction mixture (1.0 ml) containing 1 mg of insulin, 2 mM HNE, and 50 mM sodium phosphate (pH 7.2) was incubated at 370C. Then 20 ul of 1 M NaOH and 20 1 of dithiothreitol (10 mg/ml) were added, and after incubation for 10 min at room temperature, the mixture was treated with 20 ul of iodoacetate (25 mg/ml) for 20 min at room temperature and then applied to an HPLC column. Separation of the A and B chains ofinsulin was achieved using a linear gradient in which the fraction of 0.05% trifluoroacetic acid was varied from 80 to 0%o and the concentration of acetonitrile was varied from 20 to 80% (vol/vol) over 0-20 min at a flow rate of 1 ml/min. The elution profile was monitored at 210 nm. The fraction containing the modified histidine (the B chain) eluted at 9-10 min and was collected, and 30 ,ug of the purified product was used for amino acid sequence determination.
Reaction of N-Acetylhistidine with HNE and 2-Nonenal.
Reaction mixtures (1.0 ml) containing 50 mM sodium phosphate (pH 7.2) and either 2 mM HNE or 2 mM 2-nonenal were incubated at 37°C for 20 h. Formation of product was detected by HPLC, using an Apex Octadecyl 5U column (0.46 x 15 cm). Separation of products was achieved by eluting with a linear gradient in which the fraction of 0.05% trifluoroacetic acid solution was varied from 100 to 0%o and the fraction of acetonitrile was varied from 0 to 100% over 0-20 min, at a flow rate of 1 ml/min. The elution profiles were monitored by absorbance at 210 nm. The N-acetylhistidine-HNE adducts were eluted between 11 and 14 min. The product mixture was collected and analyzed by fast atom bombardment-mass spectrometry. RESULTS 4-HNE Modification of Insulin. In preliminary studies with several proteins, it became evident that, in addition to cysteine and lysine residues, the reaction with HNE leads to a significant loss of histidine residues. To facilitate characterization of the HNE-histidine adduct, insulin was selected for further studies because it contains no free sulfhydryl groups and contains only two histidine and one lysine residues per polypeptide chain. The HNE-modified insulin was prepared by incubating insulin (1 mg/ml) with 2 mM HNE for 2 h at 37°C. Upon treatment ofthe HNE-modified insulin with NaB[3H]H4, 1.2 mol of 3H were bound per mol of insulin added (Fig. 1) . The 3H-labeled protein was then subjected to acid hydrolysis and after derivatization with OPA, the amino acid composition of the mixture was determined by HPLC. The analysis showed that HNE modification is associated with the loss of 1.1 histidine residues per mol of insulin, and ,^1.0-00
Eo ' E 6 ._E 0. the formation of several 3H-labeled amino acids whose OPA derivatives (peaks A-D) were eluted between leucine and lysine in the HPLC system used (Fig. 2) . The same amino acids were detected in acid hydrolysates of poly(L-histidine) that had been treated with HNE and subsequently reduced with NaBH4 (data not shown).
To determine which histidine residue of insulin is the target for HNE, A and B chains of modified insulin were resolved by treatment with dithiothreitol and then with iodoacetate under alkaline conditions (16) . The B chain that contains the modified histidine was purified by HPLC and its amino acid sequence was determined by automated Edman degradation.
The result demonstrated the loss of 73% of His' and 69% of His'0. It was thus obvious that HNE had reacted with both histidine moieties equally.
Whereas aq-unsaturated aldehydes are believed to react readily with amino groups of proteins to form Schiff bases (11, 12, 17, 18) , the single lysine residue of insulin was only slightly modified (0.03 mol/mol of protein) by the treatment with HNE.
4-HNE Adducts of N-Acetylhisfidine. In an effort to determine the structure of HNE-modified histidine generated in insulin, the product formed by reaction of HNE with N-acetylhistidine was examined. When 50 mM N-acetylhistidine was incubated with 2 mM HNE for 20 h at 37°C, two products (H-1 and H-2) were detected (Fig. 3) .
Borohydride reduction followed by acid hydrolysis and then OPA derivatization of the H-1 and H-2 product mixture gave the same peaks in amino acid analysis as those detected in the HNE-modified insulin. This confirms that the same adducts were generated in insulin exposed to HNE. In addition, when tested separately, amino acid analysis of H-1 generated peaks A and B, and analysis of H-2 generated peaks C and D. Among other possibilities, these results suggest that there are at least four isomeric forms of the HNE-histidine adduct.
The following lines of evidence suggest that the modification of N-acetylhistidine involves a Michael-type addition of the imidazole nitrogen atom to C-3 of HNE: (i) The UV light absorption spectrum of the N-acetylhistidine-HNE adducts has a maximum at 217 nm, whereas the spectrum offree HNE exhibits a maximum at 224 nm. This shift to a lower wavelength is characteristic ofreactions involving the saturation of an aliphatic double bond. (ii) Positive-ion fast atom bom- bardment-mass spectrometry analysis of the products gave the M + H ion m/z 354, which would be expected from a Michael-type addition product. (iii) The reaction of HNE with N-acetylhistidine is associated with the loss of a histidine residue and the stoichiometric formation of a product that, upon reduction with NaB[3H]H4, leads to incorporation of one equivalent of 3H into the product. Nevertheless, the Michael addition mechanism appears inconsistent with the fact that most of the N-acetylhistidine-HNE adduct does not react with 2,4-dinitrophenylhydrazine (2, to form a hydrazone (data not shown). Michael addition reactions should not affect the aldehyde function of HNE, unless the aldehyde moiety of the primary product reacts with the hydroxyl group at the C-4 position to form a hemiacetal (Fig.  4) . Even so, the hemiacetal derivative should react with 2,4-DNP to form a hydrazone (5) .
Substitution of 2-Nonenal for HNE. To eliminate the possibility of hemiacetal formation, we studied the reaction of 2-nonenal with N-acetylhistidine. In contrast to the results obtained with HNE, the principal product formed with 2-nonenal did react with 2,4-DNP, as expected for a Michael addition mechanism. This result indicates also that the failure to detect a carbonyl function in the HNE product reflects an interaction between the aldehyde and the C-4 hydroxyl group (hemiacetal formation?) of the HNE derivative. Esterbauer (5) reported that the aldehyde moiety of thioethers produced by the reaction of HNE with the suifhydryl group of mercaptans exist almost exclusively as the hemiacetal and that the hemiacetal does react with 2,4-DNP (3, 7). We confirmed that N-acetylcysteine reacts with HNE to form a thioether, but under our conditions, most of the thioether did not react with 2,4-DNP. Therefore, the question of whether hemiacetals are formed, and if so, whether they will react with 2,4-DNP remains unsettled.
It is noteworthy that treatment of the N-acetylhistidine-HNE adduct with NaBH4 stabilizes the histidyl-HNE linkage. If the reduction step is omitted, acid hydrolysis of the N-acetylhistidine-HNE adduct leads to quantitative release of the histidyl moiety as free histidine. These observations are consistent with the Michael addition mechanism, provided that reversal of the addition reaction is catalyzed by strong acid. If so, reduction of the aldehyde moiety would preclude reversibility and, thereby, lead to formation of an acid-stable derivative.
Formation of HNEHlsidine Adducts in Proteins. In the HPLC system used, the HNE-histidine adducts can be clearly separated from all other normal amino acids. Therefore, the procedure used here can be used to quantitate the amount of HNE-modified histidine residues in proteins. It is generally accepted that lysine and cysteine residues of proteins are primary targets for reaction with HNE. The data in Table 1 show that histidine residues are also major targets. About one-half of the histidine residues in insulin, glyceraldehyde-3-phosphate dehydrogenase, and bovine serum albumin were modified by HNE under our experimental conditions. In contrast, the histidine residues in glucose-6-phosphate dehydrogenase from L. mesenteroides were not modified by HNE, whereas treatment of this enzyme with HNE did result in a loss of lysine residues (data not shown).
DISCUSSION
The cytotoxic effects of 4-hydroxy-2-alkenals have been attributed to their facile reaction with sulfhydryl groups to form stable thioether adducts by a Michael addition mechanism and/or reaction of the aldehyde moiety with the e-NH2 groups of lysyl residues to form Schiff bases (5) (6) (7) . We show here that HNE reacts also with histidine residues in proteins. It is therefore likely that the modification ofhistidine residues of proteins also contributes to the cytotoxic action of 4-hydroxy-2-alkenals.
The proposition that HNE reacts with the imidazole nitrogen of histidine, by a Michael addition mechanism, is not without precedence. a,,3-Unsaturated sugar aldehydes have been shown to react with purines by a Michael-type mechanism to yield isonucleosides (19) .
It is generally believed that HNE reacts with the amino groups of lysine residues of proteins to form Schiff base t~,% conjugates (11, 12, 17, 18 (21), it is evident that measurement of lipid-derived protein carbonyl groups by the borotritide procedure could be misleading. However, validity of the borotritide technique is not compromised by adducts formed between histidine and 2-alkenals that do not contain a hydroxyl group at the CA position, since as noted here the adduct formed with 2-nonenal does react with 2,4-DNP.
It is noteworthy that in addition to the reactions of lipid peroxidation products with cysteine, histidine, and lysine residues of proteins, protein carbonyl groups can arise from the oxidation of amino acid side chains by both metal ion-dependent (22) (23) (24) and -independent (25) oxygen-freeradical-mediated mechanisms, by oxidative cleavage of peptide bonds by the a-amido transfer mechanism (26) , and by glycation of protein amino groups (27) . The accumulation of catalytically inactive or less active forms of enzymes during aging and in some pathological states is associated with an increase in the level of highly reactive carbonyl groups (28) (29) (30) (31) . It is therefore of considerable interest to develop analytical procedures that can be used to differentiate between the various mechanisms of generating carbonyl groups, to assess the contribution of each mechanism to the observed age-related changes and in various pathological conditions. The results described here provide the basis of a method that can be used to estimate the amount of protein carbonyl groups that is due to conjugation of HNE with histidine residues.
As shown in Fig. 3 , the reaction of HNE with N-acetylhistidine generated major isomers (H-1 and H-2), which we assume represent Nr-and N7-substituted adducts of the imidazole ring. Acid hydrolysis followed by amino acid analysis of their OPA derivatives demonstrated that both H-1 and H-2 were also composed of isomers (peaks A-D). We have not carried out a rigorous characterization of these isomers; however, the multiplicity of primary products formed may represent closely related forms (isomers) of the HNE-histidine adducts. This is not an unreasonable interpretation since the HNE was used in this study is a racemic mixture of (4R)-and (4S)-hydroxynonenal.
In certain proteins, including glucose-6-phosphate dehydrogenase, lysine, but not histidine, might be a major target amino acid of HNE. Lysine modification of proteins, particularly of low density lipoproteins (LDL), might be important in relation to the enhancement of atherogenicity by modified LDL (8) (9) (10) (11) . It has been noted that lysine modification on LDL generates immune complexes and accelerates macrophage uptake (32). Jurgens et al. (17) have demonstrated that loss of lysine residues is predominant in HNE-modified LDL and, to a lower extent, HNE attacks histidine residues. This emphasizes the importance of developing procedures that can be used to measure the amount of HNE-lysine adducts in LDL and other proteins.
